Autoantibodies are a hallmark of autoimmune diseases such as lupus and have the potential to be used as biomarkers for diverse diseases, including immunodeficiency, infectious disease, and cancer. More precise detection of antibodies to specific targets is needed to improve diagnosis of such diseases. Here, we report the development of reusable peptide microarrays, based on giant
magnetoresistive (GMR) nanosensors optimized for sensitively detecting magnetic nanoparticle labels, for the detection of antibodies with a resolution of a single post-translationally modified amino acid. We have also developed a chemical regeneration scheme to perform multiplex assays with a high level of reproducibility, resulting in greatly reduced experimental costs. In addition, we show that peptides synthesized directly on the nanosensors are approximately two times more sensitive than directly spotted peptides. Reusable peptide nanosensor microarrays enable precise detection of autoantibodies with high resolution and sensitivity and show promise for investigating antibody-mediated immune responses to autoantigens, vaccines, and pathogen-derived antigens as well as other fundamental peptide-protein interactions.
Microarray regeneration would reduce experimental cost, duration, and variability, especially intermicroarray variation. Additionally, peptide microarrays enable the precise examination of specific post-translational modifications.
Our group has developed GMR nanosensors capable of detecting multiple target proteins in the format of sandwich assays at femtomolar sensitivities. 21, 22 The GMR nanosensors employ the effect of giant magnetoresistance, rooted in quantum mechanics, to measure changes in the resistance of the sensor induced by a stray field from magnetic nanoparticles (MNPs) bound to the surface of the sensor via biological complexes. 23 In the current study, we have developed reusable peptide GMR nanosensor microarrays to detect antibodies at a resolution of a single post-translationally modified amino acid. Using digital micromirror device (DMD)-based photolithography, 24, 25 peptides have been synthesized in situ on the GMR nanosensor microarray. To the best of our knowledge, in situ synthesis of peptides on GMR nanosensors has not been demonstrated prior to this work.
RESULTS AND DISCUSSION

Development of Peptide Nanosensor Microarrays
To create the microarrays, peptides (Figure 1a ) were spotted on the nanosensors of a GMR nanosensor chip. Antibody-containing samples were added to probe the microarray, allowing the antibodies to bind to target peptides. The bound antibodies were labeled with biotinylated, species-specific secondary antibodies, and streptavidin-coated MNPs were used as labeling tags (Figure 1b ). The stray field from the bound MNPs disturbs spin-dependent scattering of electrons passing through the nanoscale GMR nanosensor, which results in changes in electrical resistance. The resistance changes are monitored as GMR sensor signals in real time using the double modulation scheme, as described previously. 26, 27 Our peptide library consisted of the FLAG octapeptide (DYKDDDDK) and a mutated control as well as peptides corresponding to post-translationally modified forms of the Nterminal tail of histone H2B peptides. The FLAG octapeptide is an engineered tag used in protein purification and was selected because a well-characterized anti-FLAG monoclonal antibody (M2 clone) is commercially available and known to bind the first four amino acid (DYKD) of FLAG. 28 Histone H2B functions in packaging genomic DNA into nucleosomes, the primary component of chromatin. The N-terminal tail of H2B is naturally linear and undergoes post-translational modification, such as acetylation and methylation, which alters chromatin structure and the accessibility of DNA to transcriptional machinery. 29 In addition, the N-terminal tail of H2B is a known autoantigen in autoimmune diseases, 15, 25 and posttranslational modification has been proposed as a mechanism by which immune tolerance to self-proteins is lost. 30, 31 To detect autoantibodies to such post-translationally modified H2B and different segments of H2B, acetylated, mutated, or unmodified H2B peptides with different segments or lengths as well as their respective negative controls were included in our peptide library ( Figure 1a ).
To test the sensitivity and specificity of GMR nanosensor microarrays, we probed them with anti-FLAG and anti-K5Ac antibodies that specifically bind to FLAG and H2B with an acetylated lysine on the fifth sequence from the N-terminus (K5Ac), respectively. After incubation with secondary antibodies, the microarray was inserted into a reader station, and MNPs were added to the microarray at ~1.5 min ( Figure 1c ). The results show that anti-FLAG antibodies bound to the FLAG octapeptide, and not to a mutant peptide with a K3A substitution (DYADDDDK). Similarly, anti-K5Ac antibodies bound to H2B peptides with K5Ac (H2B 1-20 AllAc and H2B 2-21 AllAc) , and not to unmodified forms of the same peptides (H2B 1-20 and H2B 2-21). These assays were run in duplex to measure titration curves, as anti-FLAG and anti-K5Ac antibodies were found to be highly specific (Supporting Information, Figure S1 ). Titration curves of anti-FLAG and anti-K5Ac antibodies showed that the microarrays were sensitive within the 1-100 pM range, depending on the antibodies (Figure 1d ). Taken together, these results demonstrate that GMR nanosensor microarrays are capable of highly sensitive and specific detection of antibodies, including detection of reactivity to peptides that differ by only a posttranslational modification at a single residue.
Analysis of Serum Autoantibodies
To investigate the ability of the GMR nanosensor microarrays to detect autoantibodies in clinical samples, we measured sera from two SLE patients with H2B autoantibodies and two healthy controls. The measurements revealed that the individuals with SLE had serum autoantibodies that bind to the H2B N-terminal tail ( Figure 2 ). In agreement with these findings, ELISA measurements showed that both patients' sera contained IgG reactive to the H2B N-terminal tail, while healthy controls did not (Supporting Information, Figure S2 ). Differences in the reactivity between patients were likely due to the use of slightly longer peptides (21mers) for the ELISA analysis. Interestingly, patient SLE47's serum IgG reactivity to the H2B N-terminal tail was critically dependent on the N-terminal proline residue of H2B, while patient SLE41's reactivity was not and appeared to have critical residues near the N-terminal tail. These results demonstrate that the microarrays can be used to measure and characterize IgG autoantibodies present in clinical samples with single amino acid resolution.
Development of Regeneration Scheme
Regeneration of the microarrays, allowing multiple measurements with the same microarray, would substantially reduce material costs, experiment duration, and intermicroarray variation. 32, 33 Although these aspects are helpful in all analytical tools, they can be more advantageous for calibration of the tools and point-of-care (POC) measurements because elimination of intermicroarray variation and reliance on single-use test cartridge allows for precise detection and repeating measurements with a single device in remote areas, respectively. However, regeneration typically involves treatment with strong acidic or basic solutions, which often denatures proteins on the microarray. GMR nanosensor microarrays have multiple advantages that make regeneration feasible, including the stability of covalently attached peptides and relative pH-insensitivity of GMR nanosensor signal. 22 Most importantly, the GMR microarrays allow continuous monitoring of signals during regeneration to ensure that bound MNPs are completely removed prior to subsequent measurements. To illustrate the process, we probed a GMR nanosensor microarray with a mixture of anti-FLAG, anti-K5Ac, and anti-H2B (binding to the N-terminal tail of H2B, Supporting Information, Figure S3 ) antibodies and then added a regeneration solution of glycine-HCl pH 2.0 at ~23 min after signals had plateaued ( Figure 3a ). We found the signals returned to near baseline levels (before addition of MNPs, 0 to 3 min). With this scheme, we monitored the sensor signals during regeneration with five commercially available surface plasmon resonance (SPR) regeneration solutions. The results show that more than 10% of MNPs still remained on the microarray after a 20 min treatment with glycine-HCl pH 3.0, while glycine-HCl pH 2.0 reduced the signals below 5% of the initial binding signals within 20 min ( Figure 3b ). We found that a few sensors from the microarrays treated with glycine-HCl pH 1.5 and 50 mM NaOH showed evidence of corrosion (usually large changes in the nominal resistance). These regeneration solutions were excluded from further tests, and Figure 3b only includes signals from intact sensors. We then tested the remaining solutions over a longer (up to 30 min) regeneration time course and found that most of MNPs were removed within the first 2 min, followed by a gradual decrease in signal ( Figure 3c ). Importantly, the reductions in signal were due to disruption of antibody complexes, as the regeneration solution (glycine-HCl pH 2.0) did not interfere with the interaction between biotin and streptavidin (Supporting Information, Figure S4 ).
To investigate whether the binding capacity of the microarrays was affected by regeneration, we measured the same sample containing anti-FLAG, anti-K5Ac, and anti-H2B antibodies twice with the same microarray before and after 1 h of regeneration with 5 different regeneration solutions. We found that the signals were reproduced with <±5% error when microarrays were regenerated with glycine-HCl pH 3.0, 2.5, and 2.0 ( Figure 4a ). There was a slight increase in signal for H2B 1-5 sensors after regeneration with glycine-HCl pH 3.0, which could have been caused by some antibody carry-over from the first run. Again, several sensors in the microarrays treated with glycine-HCl pH 1.5 and 50 mM NaOH were damaged during the regeneration. Based on these results, we concluded that glycine-HCl pH 2.0 is optimal for regeneration, and it was used for subsequent experiments.
To further investigate the feasibility of regeneration, we performed 5 cycles of regeneration and measurements on anti-FLAG, anti-K5Ac, and anti-H2B antibodies with the same microarray. We found that the measurements were highly reproducible and the signals returned to baseline levels after each regeneration cycle ( Figure 4b) . Notably, the coefficients of variation (CVs) of the assays were <10% (anti-FLAG: 3.7%, anti-K5Ac: 1.4%, and anti-H2B: 7.1%), which is much better than typical criteria for intermicroarray CVs. 34 To confirm that regeneration removed antibody complexes completely, we performed 3 cycles of alternating measurements on the sample containing antibodies and zero analyte, respectively, with regenerations between cycles. The signals from zero analyte measurement were as low as baseline levels, indicating that there was no antibody carry-over from previous cycles (Supporting Information, Figure S5 ).
In Situ Synthesis of Peptides on Nanosensor Microarrays
The sensitivity of protein microarrays is remarkably important for detection of low abundance antibodies because protein amplification is not possible with existing tools. Orientation of capture probes has been investigated in protein microarrays, and it has been reported that specifically oriented capture probes improved the sensitivity of the microarrays compared to randomly oriented ones. 35 For peptide microarrays, there are two commonly used approaches to orienting peptides: spotting biotinylated peptides on a streptavidincoated surface, 36 or directly synthesizing peptides, covalently linked to the surface. 25, [37] [38] [39] As in situ synthesis of peptides is preferable for high-density microarrays, 37 we synthesized peptides directly on the GMR nanosensors using maskless photolithography (Figure 5a ). To our knowledge, this direct synthesis of peptides on nanosensors using photolithography has not been reported before (detailed method in MATERIALS AND METHODS). As a proof of concept, FLAG, K3A mutant (FLAG Mut), and FLAG with the M2 epitope (DYKD) deleted (FLAG Del) peptides were synthesized on the nanosensors. We then probed the microarrays with anti-FLAG antibodies and found that the antibodies specifically bound to FLAG, and not to mutant or deleted forms of FLAG (Figure 5b ). This result was crossvalidated with fluorescence measurement (Supporting Information, Figure S6 ).
To compare performance between "in situ synthesized" and "spotted" peptide microarrays, we synthesized the peptides shown in Figure 1a on GMR nanosensor microarrays and probed them with anti-K5Ac antibodies (Figure 5c ). We found that in situ synthesized microarrays generated higher signals than spotted microarrays. Compared to the titration curve shown in Figure 1d , in situ synthesized microarrays probed with anti-K5Ac at 0.2 µg/mL produced signals equivalent to spotted microarrays probed with twice the concentration, 0.4 µg/mL. In addition, in situ synthesized peptide microarrays were highly specific, as reactivity to mutated peptides (H2B 1-20 Mut and H2B 2-21 Mut) remained extremely low. The increased sensitivity appeared to be application specific, as anti-FLAG and anti-H2B antibodies had equivalent binding patterns to both in situ synthesized and spotted microarrays. This may be because the target peptides of anti-K5Ac antibodies are longer than those of anti-FLAG and anti-H2B antibodies and may be less accessible when randomly oriented.
To investigate whether in situ synthesized peptides could be regenerated, we performed three cycles of measurements and regeneration with the in situ synthesized peptide GMR nanosensor microarray (Figure 5d ). In the first cycle, the microarray was used to measure only anti-K5Ac antibodies. Then the same microarray was probed with anti-K5Ac and anti-FLAG antibodies in the second and third cycles. The reactivity of anti-K5Ac antibodies to its target peptides (H2B 1-20 AllAc and H2B 2-21 AllAc) was observed in all cycles and was highly consistent. Similarly, the reactivity of anti-FLAG antibodies to the FLAG peptide was consistent in the second and third cycles.
CONCLUSIONS
We have demonstrated that reusable GMR nanosensor microarrays with in situ synthesized peptides are capable of detection of antibody binding to linear peptides with high sensitivity and resolution, including antibodies to specific post-translational modifications. Regeneration of the microarrays reduces variation across measurements and greatly reduces the cost of performing GMR nanosensor peptide microarray experiments. While the previous studies on in situ synthesized peptides with fluorescent techniques were not able to allow continuous monitoring of antibody binding, 25, 38, 40 the GMR nanosensors added functionality to the microarrays, including kinetics monitoring and quantitative measurement. In addition, measurement with GMR nanosensors can be rapid and portable, 41, 42 with the use of a palm-sized device operated by a smartphone, as demonstrated previously. 43 Faster measurement of antibodies could reduce turnaround time of clinical tests, allowing clinicians to initiate treatment more rapidly. Regeneration of microarrays combined with portability of the GMR nanosensor would further facilitate the measurement of antibodies in POC settings.
Limitations of the microarrays include the relatively small number of features on the microarrays and that they are only capable of detecting antibodies to linear epitopes, although use of constrained peptides could enable analysis of three-dimensional epitopes. Currently, the next generation of GMR nanosensor chips are being developed to include up to 256 sensors on a chip, 44 which will allow researchers to measure antibody reactivity to 128 peptides with duplicates in a single measurement. In the future, measurement of longitudinal clinical samples will allow monitoring of the evolution of the immune response, through affinity maturation and epitope spreading. Moreover, the GMR nanosensor peptide microarrays can be used for all possible applications of current peptide microarrays such as studies on immunosignaturing, 38, 45 immune response upon vaccination, [46] [47] [48] peptideprotein interactions, 49-51 enzyme activities, 52 and epitope mapping, 25, 53 providing higher sensitivity, resolution, and precision.
MATERIALS AND METHODS
GMR Nanosensor Chip
An 8 × 8 array of GMR nanosensors was fabricated on a 10 × 12 mm chip, with the geometry of each nanosensor optimized to sensitively detect MNP labels so that multiple (up to 64) analytes can be assayed independently and simultaneously. Each GMR nanosensor consists of multiple stripes of spin valves that have multilayers of InMr (8 nm)/CoFe (2 nm)/Ru (0.8 nm)/CoFe (2 nm)/Cu (2.3 nm)/CoFe (4.5 nm) on a thermally grown oxide layer and has an active sensing area of 100 × 100 µm. 23 Each nanosensor was connected through a grid network of electrodes made of Ta/Au/Ta layers (300 nm). Each electrode was connected to an electrical contact pad on the chip, which is externally accessed by the reader station to read out the signals from individual sensors. Within the sensing area, a 30 nm oxide layer was deposited to protect the surface of the sensor, while a 300 nm oxide layer was deposited on the rest of the chip to passivate the electrodes. The changes in sensor resistance induced by the stray field from MNPs were monitored using the double modulation scheme. 27 Correction methods to compensate variations in temperature and sensor resistances were also applied to the data acquisition. 54 The reader station consists of 3 in. Helmholtz electromagnetic coil, power amplifier, inhouse electronic circuit, and computer equipped with ADC/DAC boards (National Instruments) as described previously. 27, 55 Briefly, a customized LabView program drives the Helmholtz coil via the power amplifier (BOP 72-6 ML, KEPCO) to generate an AC magnetic field, and a GMR nanosensor chip is located in the middle of the coil. The inhouse electronic circuit interfaces with the GMR nanosensor chips, applies an AC voltage to sensors, and delivers amplified signals from the sensors to the ADC board. The LabView program processes the signals using fast Fourier transform (FFT) and calculates GMR sensor signals.
Preparation of Peptide Microarrays
For spotted peptide microarrays, a GMR nanosensor chip was washed sequentially with acetone, methanol, and isopropanol. A reaction well was installed on the chip, and the chip was treated with oxygen plasma for 3 min. The chip was then treated with 1% poly(allylamine hydrochloride) (Sigma-Aldrich) for 5 min and washed with distilled water (Invitrogen). After the chip was cured on a hot plate at 120 °C for 1 h, it was treated with 2% poly(ethylene-alt-maleic anhydride) (Sigma-Aldrich) for 5 min. 56 The chip was again washed with distilled water, and a mixture of hydroxysuccinimide (NHS, Sigma-Aldrich) and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC, Thermo Scientific) was added to the chip. After 1 h incubation, the chip was washed with distilled water. Peptides listed in Figure 1a were presynthesized and spotted on the designated sensors using a robotic arrayer (sciFLEXARRAYER, Scienion). The spotted chips were then stored in a humid chamber at 4 °C.
For the fabrication of in situ synthesized peptide microarrays on the GMR nanosensor chip, previously reported wafer-scale processes 25 were modified to be compatible with the GMR nanosensors. Briefly, without piranha cleaning, a GMR nanosensor chip was washed 3 times with ethanol and treated with 5% (3-aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) in ethanol for 30 min, followed by sequential washes with ethanol and isopropanol. Next, the chip was cured on a hot plate at 100 °C for 1 h to promote silanol cross-linking. After silanation, a polyethylene glycol (PEG) 6 linker was added to the chip to facilitate the addition of custom peptides. We used a spin coater to apply a photosensitive imaging solution containing a photoacid generator, a sensitizer, and 2.5% poly(methyl methacrylate) (PMMA, Sigma-Aldrich) in propylene glycol methyl ether acetate (PGMEA, Sigma-Aldrich). 57 Patterned UV light exposure using a maskless photolithography tool (SFC-100, Intelligent Micro Patterning) resulted in the removal of protective t-BOC groups at specific array features via generation of photoacid, allowing for incorporation of an amino acid of interest at the deprotected sites during the subsequent coupling step. After UV light exposure, the GMR nanosensor chip was immersed in acetone to remove the photoresist layer, followed by rinsing with isopropanol. Then, the chip was treated with coupling solution containing t-BOC amino acid of interest, hydroxybenzotriazole (HOBt, CPC Scientific), and N,N′-diisopropylcarbodiimide (DIC, CPC Scientific) dissolved in Nmethyl-2-pyrrolidone (NMP, Sigma-Aldrich) for 30 min at room temperature. Briefly rinsed with N,N-dimethylformamide (DMF, Sigma-Aldrich), the chip was treated with capping solution (10% acetic anhydride in DMF). This cycle of photolithography and amino acid coupling was repeated to achieve peptide microarrays with desired amino acid sequences.
Antibody Assay
Both spotted and in situ synthesized microarrays were blocked with 1% BSA (Sigma-Adrich) for 1 h before their use. After the arrays were washed with a rinsing buffer (PBS pH 7.4 with 0.1% BSA and 0.05% Tween-20), a sample of interest such as patient sample or commercial antibodies was added to the microarray and incubated for 1 h. The commercial antibodies included anti-FLAG (F1804, Sigma-Aldrich), anti-K5Ac (ab61227, Abcam), and anti-H2B (ab18977, Abcam). After incubation with the sample, the array was washed with rinsing buffer, and then biotinylated secondary antibodies (antihuman IgG at 100 ng/mL, antimouse IgG at 50 ng/mL, and antirabbit IgG at 100 ng/mL) were added. After incubation, the chip was washed with rinsing buffer and inserted into the reader station. After the initial measurement of baseline signals, MNPs were added to the chip, and real-time signals were monitored.
Patients
Serum samples from individuals with SLE (SLE41 and SLE47) and normal controls were collected as part of the Autoimmune Biomarkers Collaborative Network (ABCoN), with approval from the University of Minnesota Institutional Review Board (protocol 0110M09982). All individuals with SLE met American College of Rheumatology (ACR) revised criteria for classification of SLE. 58 Written informed consent was obtained from all participants.
Optimization of Regeneration
After GMR nanosensor signals reached their plateaus for anti-FLAG (0.5 µg/mL), anti-K5Ac (0.5 µg/mL), and anti-H2B (5 µg/mL) antibodies, unbound MNPs were washed away. Then, 5 different regeneration solutions (glycine-HCl pH 3.0, 2.5, 2.0, and 1.5 and 50 mM NaOH, GE Healthcare) were added to different chips, respectively, and the signals were monitored for 30 min. The residual signal was calculated as a ratio of the signal after the regeneration solution was added with respect to the plateau signal.
Reproducibility Test
To test 5 different regeneration solutions, 5 chips were used to measure anti-FLAG (0.5 µg/ mL), anti-K5Ac (0.5 µg/mL), and anti-H2B (5 µg/mL) antibodies. The chips were then treated with 5 different regeneration solutions for 1 h. After regeneration, the chips were neutralized with 1% BSA for 30 min. The same chips were used to measure the same sample. The ratios of signals in the second measurement to those in the first measurement were calculated as reproducibility.
In the experiments with multiple cycles of regeneration, glycine-HCl pH 2.0 was used for regeneration. A single chip was used to repeatedly measure the sample of interest, and the chip was treated with glycine-HCl pH 2.0 for 1 h and 1% BSA for 30 min sequentially between the measurements as well as before the first measurement to ensure each measurement experiences the identical prior condition. The signals after 1 h treatment of the regeneration solution were recorded as regenerated sensor signals. GMR nanosensor peptide microarrays identify IgG autoantibodies to H2B in the sera of individuals with SLE. Sera from two H2B positive individuals with SLE (SLE41 and SLE47) and two healthy controls (HC1 and 2) were measured with the microarrays. Buffer solution without sera was used as a negative control (NC). The signal intensity of each peptide feature is the average of 4 identical sensor signals. (a) Real-time signals obtained during the probing and regeneration. Anti-FLAG (1 µg/mL), anti-K5Ac (0.5 µg/mL), and anti-H2B (5 µg/mL) antibodies were incubated with the microarray. The MNPs were added at ~3 min, and the signals reached their plateaus at ~20 min. Glycine-HCl pH 2.0 was added to the microarray at ~23 min, as indicated by the arrow. Bovine serum albumin (BSA) and peptide AIYAAPFK were used as negative controls. Error bars represent standard deviations of 4 identical sensor signals. (b) Residual signals for each peptide-antibody pair were calculated after 20 min of regeneration with 5 different (a) Reproducibility of measurements with regeneration. A sample containing anti-FLAG (1 µg/mL), anti-K5Ac (0.5 µg/mL), and anti-H2B (5 µg/mL) antibodies was measured before and after 1 h of regeneration with 5 different regeneration solutions. The reproducibility is shown as the signals obtained in the second run as a percentage of those in the first run for each peptide-antibody complex (blue: FLAG-anti-FLAG, red: H2B 2-21 AllAc-anti-K5Ac, and green: H2B 1-5-anti-H2B). (b) Five cycles of probing with the same antibody mixture, followed by 1 h regeneration with glycine-HCl pH 2.0 were performed with a single chip. "S" indicates the plateau signals from the sample measurement, and "R" represents the signals at the end of regeneration. After each regeneration, the chip was neutralized with 1% BSA for 30 min. All signals were referenced to BSA signals. Error bars represent standard deviations of 4 identical sensor signals. Lee 
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